This article aims to evaluate membrane contactors capability to remove and recover ammonia from landfill leachate (LFL). A hydrophobic hollow fiber membrane module was used to achieve such purpose. A sulfuric acid diluted solution was used as extraction solution to speed up ammonia content removal. Several factors that have influence on ammonia removal and recovery capability
INTRODUCTION
Landfill leachate (LFL) contains a high concentration of ammonia nitrogen in both states, ionic state NH þ 4 À Á and free gaseous ammonia (NH 3 ), which makes the latter state to bear a higher toxicity degree than the first one. Ammonium nitrogen concentration in LFL range from 500 to 2,000 mg L À1 (Kjeldsen et al. ) . Treatment methods for ammonia removal include biological treatments, chemical precipitation, advanced oxidation processes, air stripping, ion exchange and absorption. (Chang & Chung ; Ozturk et al. ) . However, all these methods have limitations and shortcomings. Conventional methods for ammonium removal from wastewaters are mostly based on stripping and biological processes (Iskander et al. ) . Ammonia stripping is an energy/chemical intensive process, and biological nitrogen removal requires delicate control of biological processes and their effectiveness is restricted by slow bioconversion and unfavorable environmental factors. On the other hand, it is difficult to treat wastewater by a conventional biochemical process when its NH 3 -N concentration is from 600 to 150 mg L À1 (Kouba et al. ) . The toxicity provoked by high concentrations of ammonia can negatively influence on the efficiency of wastewater treatment through biological processes due to its effect on microbial growth, decreasing its activity in the decomposition process of organic matter (Li & Zhao ) . In these cases, the ammonia concentration must be reduced prior to biochemical treatment (Ashrafizadeh & Khorasani ) . Under such conditions, innovative retention and recovery methods of ammonia are required to prevent ammonia from being released into the atmosphere and water resources and pollute the environment.
Up to now, membrane contactors have proven to be good alternatives for ammonia removal as they provide large surface areas that help separate ammonia from wastewater. Since the driving force of the process is the chemical potential difference of the neutralization reaction, which makes with ammonia transference from one phase to another has been made only by diffusion, the ammonia removal by membrane contactors consumes less power and no thermal energy. In the membrane contactor, a module of hydrophobic hollow fibers can be used in a liquid-liquid extraction mode with countercurrent flows and diluted solution of sulfuric acid as extraction solution. The feed, which is the phase with high concentration of ammonia, can flow in the lumen side of the module and the extraction solution can flow in the shell side, or conversely. Ammonia (NH 3 ) is transferred from the bulk of the feed to the feed-membrane interface. The air fills the hydrophobic membrane pores, which is not wetted by the aqueous solutions. NH 3 volatilizes through feed-membrane interface, spreads out across the membrane air-filled pore, and promptly reacts with sulfuric acid over the membrane interface to form a nonvolatile ammonium sulfate ((NH 4 ) 2 SO 4 ) (Nunes & Peinmann ; Zhu et al. ) . Therefore, ammonia concentration in the extraction solution is basically zero. Total ammonia removal could be theoretically possible under this configuration because the driving force for the liquid-liquid membrane contactor in this operation is the difference of values of ammonia partial pressure between the feed and the extraction solution.
The use of membrane contactors for ammonia removal and recovery, compared to the conventional absorption or stripping methods such as bubble columns and packed beds, has a number of advantages such as: (1) larger interfacial area per unit volume that allows fast removal of the volatile contaminants; (2) independent gas and liquid flow rate control without bringing forth any flooding, loading or foaming; (3) absence of any production of secondary pollutants and possibility of recovery and reuse of volatile compounds. It will not require operation at high-pressure values due to the flow tangential nature that allows for lower investment and more convenient system operation (Sengupta et al. ) . Some disadvantages of membrane contactors' process can also be described, such as: (1) membrane resistance for mass transfer, although this resistance is not always significant and many solutions can be taken to minimize this effect; (2) laminar flows, due to the small fiber diameter and few spaces around the fibers; (3) cost by exchange membranes, but in the case of modules for industrial production, design provides only the exchange of fibers without the need for full exchange module. Furthermore, the byproduct of this operation, an aqueous solution of ammonium sulfate, feature high concentration and pureness that makes it suited for being used as raw material for fertilizers. The membrane contactor also prevents secondary air pollutants from being released into the atmosphere, unlike the air stripping method.
Although there are a number of studies on the use of gas-liquid membrane contactors for gas absorption and stripping (Wang et al. ; Amaral ) , only few studies have reported the use of a liquid-liquid membrane contactor through a reaction for the ammonia removal from actual effluent (Norddahl et al. ) .
Therefore, this study aimed to evaluate ammonia removal and recovery from LFL by membrane contactor method. This work has outstanding relevancy to the society, as it will allow for the pretreatment system development meant to improve LFL quality contributing to maintenance of pureness of watercourses, besides allowing the production of a commercial byproduct, such as fertilizers. Sales of such products will provide a subvention to the treatment method proposed in this study by adding value to the LFL.
MATERIALS AND METHODS

Sampling and landfill characterization
The leachate used in this study was supplied by the landfill located in the state of Minas Gerais, Brazil. The landfill contains cells with ages ranging from 7 to 20 years. Raw leachate was collected from the equalization tank. The leachate was previously treated by MF to prevent the suspended solids to fouling the membrane surface during the membrane contactor process, which could block the membrane pores, decrease the liquid-liquid interface surface, and at last, reduce the membrane module efficiency. Analysis of chemical oxygen demand (COD), total organic carbon (TOC), total ammonia nitrogen (TAN) and alkalinity were made in samples of microfiltered (MF) LFL and the values obtained were 1,389 ± 162 mg L , respectively, and pH value of 8.0 ± 0.1. A module of MF membrane hollow fiber of polyetherimide with average pore size of 0.4 μm and a surface area of 0.1 m 2 was submersed in a tank containing raw leachate, at a vacuum pressure of 0.8 bar applied to produce the permeate. The MF LFL was used as the feed solution in the operation with membrane contactor.
Experimental unit
A schematic representation of membrane contactor unit used for ammonia recovery is shown in Figure 1 . One peristaltic pump was used to pump the MF LFL, through the lumen side of the hollow fiber membrane contactor and, in a countercurrent flow; the extraction solution containing sulfuric acid was pumped through the shell side of the module. Both solutions were recycled and transferred to their respective reservoirs. The MF LFL and the extraction solution volumes were up to 3,000 and 2,000 mL, respectively. One manometer and one flowmeter were installed in each inlet of the module for monitoring the flow rates of the liquid currents. The feed tank temperature was monitored during the experiments and kept at 25 W C. Before the beginning of each test, the pH of the MF LFL was measured and adjusted to the value of interest using NaOH micropearls. During pH setting, a mechanical agitator was used to homogenize the effluent. The membrane contactor module used for ammonia removal and recovery tests was the mini module X50 (1.0 × 5.5) Liqui-Cel ® (polypropylene membrane, inner/ outer diameter of 0.22/0.30 mm, 0.18 m 2 surface area and porosity of 40%).
Experimental procedures
The experiments were performed in two steps. In the first step, the influence of some parameters on the performance of membrane contactor, such as the influent pH, extraction solution concentration and the flow rates of the liquid currents, were investigated using a solution of ammonium chloride (NH 4 Cl), the concentration of which was about 1,300 mg L À1 (concentration similar to MF LFL ammonia concentration). This step comprised eight tests carried out by using factorial design 2 3 as an analysis tool. The variation levels of the parameters taken in each test have been summed up in the For all tests, both current lines were recycled and transferred to their respective reservoirs. After each test, the membrane module undergo physical cleanup by flowing water at a flow rate of 0.5 L min À1 , passing through the lumen and housing of the module at the same time, in order to mitigate any contamination between the tests. MINITAB ® Release 15 Statistical Software supplied by Minitab Inc. was used for statistic data analysis. The overall mass transfer coefficient (K ) was determined experimentally according to Equation (1) (Sedlak ):
where, K, V, At, C 0 and C t are the overall mass transfer coefficient, total volume of feed solution, membrane surface area, concentration of ammonia at initial time and in time t in the bulk feed solution, respectively. The overall mass transfer coefficient was determined to evaluate the best operating condition that favors the removal and recovery of ammonia from LFL.
Pureness evaluation of ammonium sulfate solution
The final extraction solution aliquot containing ammonium sulfate was collected for pureness solution evaluation and its feasible use as raw material for fertilizer production. Such evaluation aimed to identify possible organic and inorganic compounds that may have been carried on from the MF LFL during the ammonia removal process. A fraction of contaminants has been quantified for its TOC (Shimadzu, TOC-V CPN ) and identified by gas chromatography combined with mass spectrometry (GC-MS) and Fourier transform infrared spectroscopy (FTIR). The inorganic fraction was identified and quantified by ion chromatography (IC) (ionic chromatograph Dionex ICS-1000 equipped with AS-22 and ICS 12-A columns).
For GC-MS analysis, an aliquot of 500 mL of acid solution of ammonium sulfate underwent a liquid-liquid extraction by using chloroform as solvent. The organic phase obtained was left resting for natural solvent evaporation up to the final volume of 2 mL. After reducing its volume, the obtained extracts were characterized by gas chromatography system (Agilent Technologies 7890 A) combined with mass spectrometer (Agilent Technologies 5975 C inert MDS with Triple-Axis Detector) equipped with a chromatography column HP-5MS (5% of phenyl methylpolysiloxane).
For FTIR analysis, aliquots of 50 mL of acid solution of ammonium sulfate underwent pH adjustments (up to neutral about 7.0), and dried up in bain-marie. The remaining solid material was ground in a ceramic pestle, and underwent FTIR analysis with a spectrometer supplied by Shimadzu Corporation, namely FTIR-8400S Shimadzu Fourier Transform Infrared Spectrophotometer IRPrestige-21 model equipped with attenuated total reflectance accessory.
RESULTS AND DISCUSSION
Evaluation of process operating parameters for synthetic effluent
Primarily, the study aimed to evaluate the influence of operating parameters, such as pH of feed solution, extraction solution concentration and flow rates regarding the liquid currents, in ammonia nitrogen removal and ammonia recovery in the ammonium sulfate form. Figure 2 shows the decrease curves of TAN concentration per unit time during the eight tests evaluated. It has been noticed that TAN removal was higher in the tests 2, 4, 6 and 8 in which adjusted pH value for the extraction solution was up to 11.5. By comparing ammonia removal values of these four tests to flow rate in the liquid currents, it has been noticed that in tests 6 and 8, in which liquid flow rates were 0.5 L min À1 , and TAN removal reached 100% in these two tests; while in tests 2 and 4, in which the liquid flow rate was 0.1 L min
À1
, TAN removal was up to 88.4% and 92.7%, respectively. The low performance in the test carried out with ammonium chloride solution with pH equal to 8, may be due to its disfavoring to the conversion of NH þ 4 into NH 3 within that pH range in which there was no ammonia left to transport it through the membrane. It may also be observed that the pH effect on ammonia feed increased over the time. These results are explained by the fact that as time goes on, the ammonia concentration in the feed solution decreases, and the percentage of ammonia converted into free ammonia, which by itself depends on the feed pH, becomes the determining factor in the ammonia removal. Zhu et al. () investigated the effect of the pH of the effluent containing ammonia and showed that higher ammonia removal efficiencies could only be attained at relatively higher feed pH values, that is to say, above 11. Such results were also confirmed by Tan et al. () who have shown that higher pH values allowed for higher efficiency ammonia removal and, furthermore, remarkable efficiencies have been reached at pH values above 11. These results were summed up in the Table 1 .
The graphs representing the main effects and interactions among the factors such as pH, sulfuric acid solution concentration, liquid current flow rates can be seen in the Figure 3 .
The graph representing the effects and interactions confirm more substantial pH variation effect on ammonia removal in comparison to the effect brought forth by the flow rate values during the liquid currents and sulfuric acid solution concentration. The flow rate increase in the liquid current caused a variation of only 10% while the pH variation effect caused a variation of 70% in the TAN removal efficiency.
The contribution of the flow rates in the liquid currents to ammonia removal may be explained by the boundary layer effect that reduces the resistance to mass transfer while its slight contribution observed with the flow rate suggests that the resistance in the solvent boundary layers is relatively low. Furthermore, the effect brought forth by flow rate changes in the liquid currents is higher for operations with pH at 11.5. This phenomenon may be explained by the fact that at low pH values most of the ammonia has not been converted into free ammonia, and therefore a substantial mass transfer has not taken place. Feed flow rate increase has not significantly affected ammonia removal efficiency, as there was not enough free ammonia to be removed.
Although the influence of sulfuric acid concentration is not significant regarding the total extraction time, the kinetic of the process was significantly favored by the higher concentration of the acid solution. This result indicates that acid concentration will not considerably effect the total process since the acid exceeds the ammonia content in the feed. Similar results were observed by Hasanoglu et al. () . The authors noticed that the acid concentration in the ammonia extraction process will not have a significant influence on the overall process. During the first 15 min of operation, ammonia removal is slightly prone to increase as the acid concentration increases for the tested concentrations of 0.1 M, 0.2 M and 0.3 M. Nevertheless, after 15 min, ammonia concentrations curves are prone to get closer until the end of the experiment time, which indicates that acid concentration will not have a significant influence on the whole ammonia removal process as the acid remains in excess in every tested concentration in comparison to the feed ammonia content.
Considering all conditions evaluated, only tests 6 and 8, in which flow rates in the liquid current was 0.5 L min À1 at a pH ¼ 11.5 proved to be efficient to remove TAN concentration from the feed solution below the value allowed by Brazilian law (20 mg L À1 ) in nearly a 2 h test. Therefore, the best option was to evaluate the pH parameters and extraction solution concentration during the second phase, keeping the flow rates of 0.5 L min À1 of the liquid currents unchanged, and by using a MF LFL as the feed solution, which is rich in ammonia.
Evaluation of process operating parameters for LFL
In this step, four tests of 6 h each were carried out. The Figure 4 shows TAN fraction (C TAN /C o ) decreasing curves per unit time during the four tests evaluated. The ammonia concentration shows an exponential decrease over time. The ammonia concentration drops sharply at the beginning, and slightly decreases at the succeeding time intervals. This finding could be attributed to the fact that at the beginning of the operation, the driving force of ammonia transfer between lumen and shell sides of the contactor is high due to a relatively high concentration gradient across the membrane. As ammonia is transferred to the shell side, its concentration in the feed decreases and that would result in a lower driving force. The results were summed up in Table 2 .
According to the obtained results, it was noticed that the tests attained a TAN removal percentage varying from 96.6 to 99.9%. Tests 1 and 2 at pH 10 attained TAN removal efficiency up to 99.9%, while tests 3 and 4 at pH 12 attained a removal efficiency of 99.6% and 98.6%, respectively. This slight removal performance difference at pH 10 and 12 was not expected, as at higher pH there is higher nitrogen release in a gaseous state (NH 3 ), and then higher ammonia concentration was available for the transference through the membrane. However, setting the pH at a value higher than 10 will not have a significant influence on the system. This result suggests that NH þ 4 concentration is considerably low at pH values above 10, and the predominant state is NH 3 .
Ashrafizadeh & Khorasani () found a similar result. The authors showed that increasing the pH up to 10 increased significantly the overall mass transfer while increasing pH to 11 resulted in no significant improvement. It has also been noticed that the acid solution concentration increase has had no effect on ammonia removal efficiency. According to Hasanoglu et al. () , the variation of concentration of acid in the extraction phase does not seem to significantly improve the process efficiency. That could be due to the fact that the acid had exceeded ammonia content in the feed.
Regarding TAN recovery, it has been noticed that, although there was no significant variation on the removal efficiency under the evaluating conditions, tests 1 and 4 showed higher recovery percentage, that is, 87.0% and 88.6%, respectively. In the first case, what influenced ammonia recovery was the higher acid solution concentration and, in the second case, the high pH value may have promoted higher NH 3 release during the test time, and in both cases, there was an increase in the mass transfer driving force.
To calculate the percentage (wt wt À1 ) of ammonium sulfate in acid solution, it was assumed that all ammonia that has been recovered has also been neutralized by sulfuric acid, and produced ammonium sulfate as protonation reaction of ammonia is supposed to be instantaneous. Among the tests that showed higher recovery percentage, that is, tests 1, 3 and 4, tests 1 and 4 were the ones that showed the highest values, and test 4 was the one that has obtained an acid solution with the highest ammonium sulfate content, that is, 43.1% (wt wt À1 ) as acid sulfuric concentration used was smaller (0.1 M) that the concentration used in tests 1 and 3 (0.4 M).
Thus, test 2 obtained high ammonium sulfate content up to 41.2% (wt wt À1 ). So, it has been found that for a more effective ammonia removal and recovery from LFL by using membrane contactors, and for a more sustainable process, the optimal values of the parameters evaluated for using this technology were the following: pH ¼ 10 (lower consumption of alkalinizing agent without compromising TAN removal and recovery), sulfuric acid solution concentration of 0.1 M, which is enough to obtain high removal and recovery efficiency levels (99.9% and 88.6%, respectively) and high ammonium sulfate content in solution (41.2% and 43.1%, wt wt À1 ), and flow rate in liquid currents up to 0.5 L min À1 .
Pureness evaluation of ammonium sulfate solution
The ammonium sulfate solution obtained in the membrane contactors test with a leachate of pH 10, extraction solution with concentration of 0.1 M, and flow rate in the liquid currents up to 0.5 L min À1 resulted in a ammonium sulfate concentration of 41.2%. The quantification of the TOC of this solution showed a contamination of 2.75 ± 0.5 mg L À1 , indicating a low contamination level of 0.0004%. Such a result has been also found in the chromatogram ( Figure 5 ) shown by GC-MS analysis in which only one compound was identified, namely 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113). This compound is a hydrochlorofluorocarbonate (hydrochlorofluorocarbon-122 or HCFC-122) represented by the molecular formula C 2 HF 2 Cl 3 . It is also known as haloalkane, a chemical compound obtained from the alkane series by replacing one or more hydrogen atoms by the same amount of halogen atoms. The analysis of the infrared spectrum absorption of the solution shows the alkane and alkyl halogen, which confirm the presence of CFC-113 in the sample. Regarding the first and second amines and amides, besides the presence of ammonium ions and sulfate, it confirms ammonium sulfate formation in the sample.
Regarding a possible inorganic contamination, the nitrate, phosphate, chlorate, sulfate and ammonium ions were investigated by IC and it has not detected the presence of other ions besides sulfate and ammonium ions.
CONCLUSION
Process parameters were checked out for ammonia removal using hydrophobic hollow fiber membrane contactors. The pH of ammonia solution feed have greater influence on ammonia removal and recovery in comparison to the effect brought forth by changes in the liquid currents flow rate values and in the sulfuric acid solution concentration. The increase in the pH to 10 improved the overall mass transfer significantly while a further increase up to 11 has not resulted in any significant improvement. Membrane contactor operated with MF LFL (pH 10), 0.1 M acid solution and liquid currents flow rates of 0.5 L min À1 allowed for 99.9% of ammonia removal, which is equivalent to 79.1% of ammonia recovery in the extraction solution, which complies with effluent standards required by Brazilian law (20.0 mg L À1 of TAN) and produces a highly pure ammonium sulfate solution (41.2%, wt wt À1 ) to be used as a fertilizer compound.
